Center-surround interactions are a key property of visual motion mechanisms. Using a temporal reverse correlation method with human observers, we investigated perceptual interactions between a brief center motion (ϳ20 ms) and a surround that moved up-down with a new direction chosen randomly every 5 ms. The aim was to reveal interactions between center and surround motions and their dependency on relative direction, contrast, and timing. Hypothesizing that surround computation involves different neural circuitry than the center response, we manipulated surround contrast to affect the relative timing of center and surround signals. The reverse correlation analysis yielded temporal profiles of surround influence indicating, in 5 ms steps, the time course of the effect of the surround on the discriminability of center motion. The resulting temporal profiles varied systematically with contrast: as surround contrast decreased, both the latency and duration of its influence increased. This finding, consistent with longer and variable neural response latencies at low contrast, psychophysically reveals fine-scale temporal interactions between center and surround signals. Additionally, the strength of surround influence was correlated with psychophysical thresholds for discriminating center motion. The directionality of this relationship, however, depended only on center contrast. When center motion was high contrast, poor direction discrimination was associated with an increased probability of same-direction surround motions. Low-contrast center motion, however, was more discriminable when surrounded by motion in the same direction, regardless of surround contrast. This suggests that the previously reported adaptive nature of center-surround interactions in motion is driven primarily by the visibility of the center motion signals.
Introduction
A significant portion of the neural analysis of visual input transpires within 150 ms after the stimulus onset (Thorpe et al., 1996) . Within that time, different stimulus properties, such as color and motion, are processed and perceived at different times (Moutoussis and Zeki, 1997; Nishida and Johnston, 2002; Bedell et al., 2003) . Delayed signals arrive via feedforward, feedback, and lateral connections, and together those signals play a fundamental role in neural processing of visual input (Lamme et al., 1998) . Furthermore, stimulus properties such as contrast and velocity affect neuronal latencies (Nowak and Bullier, 1997) , introducing stimulus-dependent delays. This hodgepodge of delays and asynchronies, although often obvious at the single-cell level, typically is hidden from phenomenal experience and is only revealed psychophysically by carefully designed experiments.
We psychophysically investigated temporal properties of center-surround interactions in motion. Center-surround processing is inaugurated in the retina, and it recurs at subsequent stages of visual processing (Allman et al., 1985a) . In motion perception, center-surround interactions are found at all major processing stages (Tadin and Lappin, 2005a) and are particularly prominent in MT (Allman et al., 1985b; Born and Tootell, 1992; Raiguel et al., 1995; Born, 2000) , a cortical area vitally involved in motion perception (Born and Bradley, 2005) . A typical center-surround neuron responds strongly when the preferred motion stimulus is imaged within the receptive field center of the neuron. But, if the spatial extent of stimulation is enlarged to include the surround, neural response attenuates: the neuron exhibits surround suppression. Such surround suppression, however, is typically restricted to high-contrast stimuli (Pack at al., 2005) . At low contrast, the suppressive influences of the surround weaken, and spatial summation increases, a potentially adaptive mechanism that uses suppression only when the signal is sufficiently strong (Marr, 1982) . These center-surround interactions enable neurons to perform complex operations, but likely require additional synaptic processing to incorporate surround signals (Raiguel et al., 1999) . Indeed, the inhibitory component of the surround response in MT lags ϳ10 ms after the center response .
Importantly, center-surround interactions have measurable perceptual correlates (Tadin et al., 2003; Betts et al., 2005; Paffen et al., 2006) , but to dissect fine-scale temporal properties of surround suppression using psychophysical techniques presents a challenge. One potentially profitable strategy is to use stimulus manipulations that will differentially affect processing speed of center and surround signals. Such manipulations may affect the interaction between the center and surround, especially if the signals themselves are very brief. To implement this strategy, we designed a reverse correlation study in which the stimulus consisted of a brief (ϳ20 ms) center motion and a surround, the motion direction of which was randomly chosen every 5 ms (see Fig. 1 A, B) . We then investigated whether the discriminability of center motion is influenced by surround motions occurring at different times relative to the center stimulus. Of particular interest was whether the timing of the influence of the surround changes with stimulus contrast, a question motivated by the known contrast-dependency of neuronal latencies (Lennie, 1981; Maunsell and Gibson, 1992; Maunsell et al., 1999; Reich et al., 2001) .
Materials and Methods
Stimuli. Stimulus patterns were created in MATLAB with the Psychophysics Toolbox (Brainard, 1997) and Video Toolbox (Pelli, 1997) and were shown on a linearized monitor (800 ϫ 600 resolution, 200 Hz). To achieve a high video refresh rate, which was important for the present experiment, we used a high-speed PROCALIX monitor (Totoku, Irving, TX) driven by a MP 960 graphics card (VillageTronic, Berlin, Germany); this combination provided a 200 Hz frame rate. Viewing was binocular at 83 cm (yielding 2 ϫ 2 arcmin per pixel). Ambient illumination was 3.4 cd/m 2 . Background luminance was 42.3 cd/m 2 . Stimuli were moving random-dot textures. The size of each dot was 6 ϫ 6 arcmin; a given dot could be dark or light, with equal probability. Three observers participated in the experiment (D.T. and two naive individuals). All procedures complied with institutionally reviewed guidelines for human subjects.
A moving random-dot surround ( Fig. 1 B) was presented in a spatial envelope consisting of a uniform annulus encircled by a blurred border (the spatial gradient of the border was a half cycle of the raised cosine function). The width of the uniform annulus section was 3.55°, and the width of the blurred border was 2.05°, resulting in the 12.3°stimulus diameter, which is sufficiently large to stimulate the surrounds of neurons with foveal receptive fields in both V1 and MT (Raiguel et al., 1995; Jones et al., 2001) . In the center of the moving random-dot texture was a small hole (diameter, 1.3°) in which the center random-dot pattern was briefly presented on each trial. The size of this center region is larger than the macaque V1 foveal receptive fields (Jones et al., 2001 ) but smaller than the receptive field centers in MT fovea (Raiguel et al., 1995) . Moreover, the relatively small size of this center region ensured that the center stimulus on its own evokes little or no surround suppression (Tadin and Lappin, 2005b) . The center contrast was ramped on and off with a temporal Gaussian envelope, the peak contrast of which was 92%. In four different conditions, the surround contrasts were 92, 27, 6.5, and 1.7%.
The temporal sequence of events is illustrated in Figure 1 A. The surround pattern was presented for 500 ms, during which the dots in the surround texture moved uniformly upward or downward at 20°/s (i.e., randomly jittered up-down). A new direction (up or down) was selected randomly every 5 ms (every frame on a 200 Hz monitor). At a randomly chosen time during the central 150 ms, the center stimulus was briefly presented and moved either up or down at 20°/s. The observers' task was to identify the direction of motion of the center pattern. The observers were instructed to fixate the center of the stationary gray circle at which center motion would occur and to maintain fixation throughout the 500 ms trial. In fact, consistently good performance required strict fixation, because the onset of the center motion was random. Performance was maintained near 70% correct by two interleaved adaptive staircases adjusting the center pattern duration [duration is defined as 1 SD () of the temporal Gaussian envelope controlling center contrast]. The temporal Gaussian envelope offers a temporal equivalent of subpixel sampling, permitting motion durations (1) Ͻ5 ms. Duration thresholds in this experiment were very low (as low as 3 ms) primarily because of the fast center speed. For example, a 3.91 ms threshold would be shown in five video frames with contrasts that are 3.8, 44.1, 100, 44.1, and 3.8% of the peak contrast (3.91 ms was the average threshold for 92% surround contrast condition) (compare Fig. 4 A, leftmost point).
Analysis. To quantify the temporal aspects of center-surround interactions, we separately analyzed temporal sequences of surround motion that occurred during correct and during incorrect trials. For both types of trials, the specific goal was to look for patterns in the temporal sequence of surround motions that were different than expected by a random process. To perform such an analysis, the sequence of surround motions on each trial was coded relative to the center motion. Specifically, when any given 5 ms motion step in the surround was the same as the center motion, it was coded as 1. When it was opposite to the center motion, it was coded as 0. For every trial, this resulted in a temporal sequence of 0s and 1s with the origin (i.e., 0 ms point) aligned with the peak of the center motion. Correct and incorrect trial sequences were then averaged separately and smoothed with a moving Gaussian window. The SD () of the smoothing Gaussian was 7.5 ms; this removed most of the noise but did not affect the overall shape of the temporal profile. Figure 1C shows an example of raw data and the result of smoothing. All of the analyses were done on smoothed data.
A central rationale behind this method is that if surround motion has no influence on the discriminability of the center motion, then after many trials, the result at each 5 ms time interval would approach 0.5 (i.e., equal proportion of the same and opposite directions in the surround). Departures from this value of 0.5 would indicate an influence of the surround on center motion discrimination. For example, if the occurrence of the same direction of motion at a specific 5 ms interval increases the likelihood of making a mistake, then the result for the incorrect trials at that time interval would be Ͼ0.5. Note that in a 2AFC (two alternative forced choice) design, the incorrect trials are more informative than the correct trials, because a correct response is often a correct guess. Hence, to increase the number of incorrect trials, a relatively high task difficulty was maintained (yielding 70% correct performance).
The method yields meaningful results only after a large number of trials (i.e., when the random noise is "averaged out"). Thus, all observers ran 2500 trials per condition, with the first 500 trials discarded as practice. Observers typically ran 1000 trials during each experimental session lasting approximately 1 h. The data shown in figures presented here required 66,400 trials. To quantify the variability expected by the random process alone, we ran 10,000 Monte Carlo simulations of the experiment assuming that surround motions have no influence on the discriminability of center motion. The results of each simulation were smoothed with a moving Gaussian window ( ϭ 7.5 ms), as shown in Figure 1C . This Figure 1 . A, Illustration of the sequence of events occurring in the center and surround regions of the stimulus. Each arrow depicts a 5 ms motion impulse. All upward surround motions (i.e., those in the same direction as the center motion) are coded as 1, whereas all downward motions are coded as 0. The Gaussian envelope over the center motion depicts contrast modulation of the center motion in time. B, Single-frame snapshot of the surround pattern. The random-dot texture moved either up or down, with the direction chosen randomly every 5 ms. Such motion sequences were typically perceived as very fast up-down jitter. The edge of the central hole, the location where the center motion appeared, was always stationary. Scale bar, 1°. C, Illustration of the raw data and the Gaussian smoothing of the data. The data sample is for the incorrect trials in the high-surround condition (92%). The short dashed lines indicate Ϯ2SD boundaries for the raw data, whereas the long dashed lines indicate Ϯ2 SD boundaries for the smoothed result.
yielded 10,000 incorrect trial curves and 10,000 correct trial curves. Two SD boundaries were estimated from these two sets of curves.
This method is designed to yield a temporal profile of the surround influence on the center motion. This temporal profile was characterized by five parameters: (1) direction of influence (main peak/dip Ͼ0.5 or Ͻ0.5), (2) strength of influence (deviation of the peak influence from 0.5), (3) peak time (the time of the peak influence relative to the center motion), (4) start time (the earliest time at which significant influence is observed), and (5) duration of influence (time between the start time and the stop time).
Of particular interest is the determination of whether any of these parameters change with variations in surround contrast, because contrast will likely affect the timing of surround signals. In fact, the present method is optimized to estimate the relative latencies of surrounds with different contrasts and is not very sensitive to the absolute delay between center and surround signals. That is because the zero (0 ms) point in our graphs denotes the physical occurrence of the center motion. In other words, all comparisons are between stimulus-defined points in time for center and surround. A "real" zero point would be shifted rightward by the amount equal to the center neural response latency at a point in motion processing at which center and surround signals interact, a number unknown to us. Given that the brief center stimulus appears gradually within a temporal Gaussian envelope and attains its peak contrast only in one frame, and that its occurrence is random within 150 ms, we speculate that its neural latency may be rather long. Moreover, a relatively long center latency may explain surround influence peaks occurring slightly ahead of the occurrence of the center motion ( Fig. 1C ), even if actual surround influence is delayed (cf. Allman et al., 1985b; Borghuis et al., 2003) .
Low-contrast center experiment. We attempted to repeat the reverse correlation experiment just described with low-contrast center motion, but the results did not differ from chance. A likely problem was that the duration threshold for the low-contrast center motion was typically one order of magnitude higher than with high-contrast center motion. This longer exposure duration is critical because the success of the reverse correlation experiment depends on having a very brief target motion. To get around this problem, we repeated the experiment at low contrast with the following changes. (1) Duration thresholds for the low-contrast center were lowered by replacing the Gaussian temporal envelope with a trapezoid-like temporal envelope. This new profile was created by truncating the top half of the Gaussian profile and adding 0.5 (i.e., 50% contrast) to the truncated profile. For example, an 8.8 ms threshold (average threshold for the data shown in Fig. 7 ) would be shown in 11 5-ms frames with contrasts that are 52, 57, 73, 100, 100, 100, 100, 100, 73, 57, and 52% of the peak center contrast. These, in other words, are the contrast values obtained by applying the described transformation to a temporal Gaussian with ϭ 8.8 ms. This was still a relatively long stimulus presentation, but it was much shorter than the threshold stimulus duration when the standard Gaussian envelope was used. (2) To reduce the number of different surround directions that may have an influence on the discriminability of the center motion during each trial, a new direction of surround motion was chosen randomly every 10 ms or, in a separate condition, every 15 ms. This maneuver meant that a given direction of motion in the surround continued for a longer duration, thereby reducing the number of motion direction changes in a given time period.
(3) Center contrast was chosen to be relatively low but still high enough to yield moderately low thresholds. Based on the results of pilot explorations in which the contrast threshold was measured for a 10 ms presentation of the center motion, a 5.25% center contrast was used in the 10 ms surround motion condition, and a 6% contrast was used in the 15 ms surround condition.
Results
The discriminability of the center motion was substantially affected by the rapidly jittering surround pattern (Fig. 2) . For all observers, surround temporal profiles estimated from incorrect trials significantly differed from what was expected by chance alone. Moreover, all temporal profiles are positioned primarily above 0.5, indicating that the presence of the same direction of motion in the surround increased the probability of making a mistake about the direction of the center motion. To derive an overall estimate of the temporal characteristics of the surround influence, the individual results were averaged (Fig. 3A) . Quantitative estimates of these temporal characteristics are presented in Table 1 . Peak time, start time ( Fig. 3A, arrows) , and duration of influence all showed a systematic dependence on surround contrast: the temporal profile of surround influence was longer, started earlier, and peaked earlier as the surround contrast was decreased. These results may be a result of longer and more variable neural response latencies at low contrast (Lennie, 1981; Maunsell et al., 1999; Reich et al., 2001) .
The strength of the effect of the surround on the discriminability of center motion depended on the contrast of the surround (Table 1) , with the 6.5% contrast surround having the strongest and "longest" effect on the center motion. If our estimates of the duration and the strength of influence indeed indicate the potency of the surround effect and if the effect of the surround is suppressive, then the center motion would be harder to perceive in conditions with stronger and longer surround influence. To test this hypothesis, we compared the potency of surround influence in different conditions with the observers' thresholds in those conditions. For the quantitative part of this analysis, we excluded the data for the 1.7% surround contrast condition ( Fig. 4 , gray circles), because this very low contrast surround pattern perceptually partially filled-in the region where the center would appear, likely affecting the observers' performance. Analysis of the remaining three surround conditions ( Fig.  4 A) showed a positive correlation between duration thresholds and the duration of influence ( p ϭ 0.038), and there was a trend toward positive correlation with the strength of influence ( p ϭ 0.13) ( Fig. 4 E) . Positive correlations between duration thresholds and the estimates of surround influence were also observed when the data for individual observers were analyzed ( Fig. 4 B -D,F-H ) . This shows that the task was harder in the conditions with stronger and longer surround influence on the center mo-tion, as indexed by both the strength and the duration of influence.
For incorrect trials (Fig. 3A) , the stronger surround influence indicates the occurrence of a larger number of same-direction surround motions and a smaller number of opposite-direction motions. Thus, the increasing task difficulty with the increasing surround influence could be caused either by an increase in samedirection suppression or by a reduction in opposite-direction facilitation. In other words, the results in Figure 4 , although entirely consistent with surround suppression, do not rule out facilitation from opposite-direction surround motions. One way to distinguish between these two possible accounts is to compare psychophysical thresholds with the surround and with thresholds measured without the surround. If the effect of the surround is mostly facilitatory, then the addition of the surround should lower the thresholds. In contrast, if the surround is suppressive, the thresholds should increase. The average no-surround threshold was 3.2 Ϯ 0.4 ms, which is lower than the thresholds in all of the surround conditions ( Fig. 4) . It should be noted that the no-surround thresholds were measured before the experiment, therefore practice effects, if any, would have benefited the surround conditions. Moreover, the surround is not necessarily always suppressive: these identical surrounds actually lower the threshold for discriminating low-contrast center motion (see below). Thus, when the results in Figure 4 are considered along with duration thresholds for discriminating center motion without the surround, we conclude that the center-surround interactions recovered through reverse correlation are suppressive. Such an interpretation agrees with the psychophysical work revealing strong suppressive interactions in motion perception (Tadin et al., 2003) and a lack of significant opposite-direction facilitation in macaque MT (Raiguel et al., 1995) .
Significant deviations from randomness were also found when correct trials were analyzed, although our forced-choice procedure necessarily means that the "correct" trials also include trials on which the observer guessed correctly. Nonetheless, on correct trials, the temporal profiles are now Ͻ0.5 (Fig. 3B) , indicating that observers were less likely to correctly identify motion direction when there was same-direction motion in the surround. This is in accord with the results extracted from incorrect trials. The relative properties of the temporal profiles for different contrast surrounds (e.g., relative ordering of peak time, start time, and the duration of the influence) are comparable to those estimated from the incorrect trials.
The stimulus used in these experiments was a broadband random-dot texture, the elements of which moved one pixel per frame. At high spatial frequencies, such a stimulus will always have motion components in both up and down directions. Moreover, this aliasing at high spatial frequencies will be more pronounced at high contrast because of poor contrast sensitivity to The measures presented are defined in Materials and Methods. The strength of influence is also expressed in terms of SDs away from 0.5 (in parentheses). The peak time and start time are also shown as relative to 92% surround contrast estimates (in parentheses). To obtain a more precise estimate of peak and start times, we calculated a weighted average of data within Ϯ10 ms of the temporal point at which the surround influence was strongest, or, for the start point calculation, the point at which the significant influence was first observed. high spatial frequencies (van Nes and Bouman, 1967) . For the present study, it is important to establish that this contrastdependent aliasing is not causing the differences among different surround contrast conditions. Thus, in a control experiment, we low-pass filtered our stimulus (cutoff frequency, 1.46 cycles/degree), effectively eliminating spatial frequency components susceptible to aliasing. Two surround contrasts were used (92 and 9.7%) along with a high-contrast center (92%). Note that because of spatial filtering, the stimulus consisted of a full range of contrasts and not just the extremes. This resulted in lower perceived contrast, requiring us to use a somewhat higher value for the "low" contrast condition. Still, the results (Fig. 5) were qualitatively similar to those obtained with broadband textures (stronger and longer effects at low contrast), indicating that contrastdependent aliasing cannot explain the pattern of results in Figure 3 . One interesting feature of our results is the "dip" appearing ϳ35 ms before the peak in the 92% surround contrast condition (Fig. 3A) . This dip is significant (Ͼ3 below baseline) and indicates that at those times the presence of the opposite-direction surround increased the probability of making a mistake. How-ever, 20 -50 ms later, it is the same-direction surround motion that increases the likelihood of making an incorrect response. This temporal profile is reminiscent of the response of biphasic MT neurons (Bair and Movshon, 2004; Perge et al., 2005) , which are best activated by an antipreferred direction, followed by a preferred direction 40 ms later.
To further investigate this feature of our results, we performed a second-order analysis of the data. To do this, we asked whether, within the data comprising each surround temporal profile (e.g., 92% surround contrast condition in Fig. 3A showing data from incorrect trials), different combinations of surround motion directions occurred more often than expected. The probability of each of four possible motion direction pairs (same-same, opposite-opposite, same-opposite, and opposite-same) was computed and compared with the expected baseline probabilities, in which the expected probability is simply the product of independent probabilities for each motion direction in the pair that is being examined. Probabilities were calculated for all motion direction pairs (i.e., the analysis was not limited to sequential motion directions). The results for all surround contrasts (data not shown) did not differ from what was expected given baseline (first-order) probabilities of each surround direction in a pair. This failure to find second-order effects demonstrates the independence of surround motion impulses. For example, the probability of "opposite" surround motion at the bottom of the dip in Figure 3A (92% contrast) is 0.5255, whereas the probability of the "same" surround motion at the peak is 0.5627 (these numbers are from the raw data) (Fig. 1C) . The probability that this pair of surround motion directions occurred is 0.2957, a value only slightly higher than what is expected if independence is assumed (0.2880). A second-order analysis looking at the pairs of motion directions within correct trials also failed to show any systematic deviations from chance. Such null results, however, are hard to interpret because of the smaller number of usable trials (each direction combination occurs only in approximately one-fourth of the trials). Moreover, any second-order effects are likely A and E show the average data, whereas the remaining panels show results for individual observers. The straight lines are linear fits to the data. The gray circles depict results for the 1.7% surround contrast condition. No such data are shown for observer E.A., because his results for the 1.7% surround contrast condition did not differ from chance (see Fig. 2 ). His duration threshold in that condition was 6.7 ms. Error bars indicate SEM. smaller in magnitude and thus harder to detect. In addition, second-order effects are compared with already noisy baseline probabilities, therefore further decreasing our chances of detecting them. Thus, we are uncertain whether the copresence of the dip and the peak in 92% contrast data indicates two independent effects or whether that result is attributable to an opposite-same interaction analogous to that observed in biphasic MT neurons (Pergé et al., 2005; Bair and Movshon, 2004) .
In addition to pairwise second-order effects, we also examined whether sequential pairs and/or triplets of identical surround motions have a stronger effect on the discriminability of the center motion. To do this, we reanalyzed the data by taking into account only the identical pairs and triplets of surround motions. That is, for the "two-in-a-row" analysis, we considered only surround motion impulses that were in the same direction for two or more frames. Analogously, for the "three-in-a-row" analysis, we only included surround motion impulses that moved in the same direction for three or more frames. The results (Fig. 6 A) show that the strength of the influence of the surround increased as shorter sequences of surround motion impulses are excluded. On average, two-in-a-row analysis resulted in 93% stronger surround influence, whereas three-in-a-row analysis yielded a 235% increase in the strength of the influence of the surround (with "strength" referring to the deviation of the peak influence from 0.5, as defined in Materials and Methods). This is perhaps not surprising because these analyses are based on biased sampling of surround motions. To assess the possible contribution of biased sampling, we ran a simple simulation in which each samedirection surround motion occurring within a 50 ms window had an independent inhibitory effect on the center motion (details in the figure legend). This resulted (Fig. 6 B) in surround temporal profiles, the strength of which was similar to those measured psychophysically, although their shape was constrained by simulation parameters. Notably, simulation results exhibit sequencedependent increases in the surround strength similar to those measured with human observers (99% for two-in-a-row analysis and 233% for three-in-a-row analysis). Thus, the results shown in Figure 6 A can be explained by the biased sampling of surround motions and suggest that the effects of brief (5 ms) surround motion impulses are apparently independent.
The data presented in Figures 2-4 suggest that the influence of the surround is suppressive regardless of surround contrast. This is somewhat puzzling in light of other evidence pointing to surround facilitation when the entire stimulus is low contrast (Tadin et al., 2003; Pack at al., 2005) . Note, however, that in our reverse correlation experiments, the contrast of the center region was always high. Perhaps, then, it is the contrast of the center but not the surround that determines the directionality of center-surround interactions. We tested this possibility by modifying our experimental design to enable the use of a low-contrast center stimulus (see Materials and Methods). The resulting reverse cor- Figure 6 . Results of the sequence-based analyses. A, The sequence-based analysis of the psychophysical data. The data from Figure 3A are replotted in the top panel. The bottom panels show the results from two-in-a-row and three-in-a-row analyses. Note that the y-axes are identical for all panels. It is clear that the strength of the surround grows when shorter sequences of surround motion impulses are excluded. However, the shape of the surround temporal profiles and, more importantly, their duration do not change very much. This observation suggests that the shorter duration of influence in conditions exhibiting weaker surround strength (e.g., 92% contrast in Fig. 3A) are not attributable to an "iceberg effect" that could have caused weaker surround effects to appear substantially shorter in duration. B, The sequence-based analysis of the simulation data. For the simulation, 6000 random surround motion series were generated, along with 6000 corresponding center motions (to equal the data collected from 3 observers). The surround motions were recorded as 1 (same) or 0 (different), depending on whether a surround motion was the same or different from the center motion. Then 10 surround motions in the middle of the series (central, 50 ms) were designated as those potentially having an influence on the outcome of a trial. This effect was such that when no same-direction motions occurred, performance was 100%. That is, when all 10 surround 4 motions were in the direction opposite from the center motion, the simulation always yielded a correct response. With all same-direction motions, performance was 40%. The mixed cases followed a linear relationship between two extremes; thus, a case with five same-and five opposite-direction motions yielded average (i.e., threshold) performance (70%). Note that two-in-a-row and three-in-a-row surround sequences were given no preferential treatment (i.e., the effects of surround motions were independent). After the outcome of all 6000 trials was determined, all of the incorrect trials were averaged and smoothed as illustrated in Figure  1C . Note that the purpose of this simulation is to examine the effect of the sequence-based analysis using surround motions that obey linear temporal summation and not to serve as a full model of the effect of the surround on the center motion.
relation temporal profiles were much broader than in the highcontrast center experiment (Fig. 7) . This broadening is likely attributable to the longer center motion presentation and lengthening of surround motion impulses (to 10 and 15 ms); our initial pilot work with high-contrast center motion with longer surround motions (10 and 15 ms) also yielded broad surround temporal profiles (Fig. 8) . Also, note that temporal profiles were broader when 15 ms surround impulses were used (Fig. 7B) , again linking the changes in surround motion with observed broadening of the results.
The most important aspect of the low-contrast center result is that the temporal profiles derived from incorrect responses are inverted compared with profiles produced by the high-contrast center (compare Figs. 3A, 7) . Moreover, by examining psychophysical thresholds in different conditions (shown as numbers near different curves in Fig. 7) , it is apparent that the motion discrimination task was harder in conditions with stronger surround influence on the center motion. Given the directionality of the effect of the surround (i.e., the inversion), this indicates that there were fewer same-direction (and more opposite-direction) surround motions in incorrect trials. This result can indicate same-direction facilitation or opposite-direction suppression. To distinguish between these two possible accounts, we compared center duration thresholds with and without the surround. The thresholds for six of eight surround conditions were actually lower than the threshold for discriminating center motion presented without the surround (which was 10 ms; see Materials and Methods). The only exceptions are duration thresholds for the 92% contrast surround, probably because the high-contrast surround texture reduced the effective center contrast (cf. Chubb et al., 1989) . Generally, then, same-direction motion in the surround was associated with fewer mistakes, and the addition of the surround lowered direction discrimination thresholds. Evidently, the influence of the surround motion is now facilitative, whereas in the preceding experiments with high-contrast center, the influence was suppressive. In other words, the center contrast determines the directionality of center-surround interactions. Whether the interaction between the center and the surround is suppressive or facilitatory does not depend on surround contrast. The broad temporal influence functions for low-contrast center motion preclude accurate estimation of their temporal characteristics. Nevertheless, the peaks (i.e., dips) of the functions appear to have approximately the same dependence on surround contrast as the high-contrast center: progressively earlier peak times with decreasing contrast (Fig. 7 ).
Discussion
These experiments reveal interactions between center and surround motions and their dependency on relative direction, contrast, and timing. Same-direction surround motion reduced the discriminability of high-contrast center motion and improved the discriminability of low-contrast center motion, regardless of surround contrast. The timing of the observed center-surround interactions depended on surround contrast; as the contrast of the surround decreased, surround motion needed to occur earlier relative to the center motion to have an effect on the observers' performance.
These results were revealed using the temporal reverse correlation method, which allowed us to estimate the time course of center-surround interactions with relatively high precision, especially for very brief high-contrast center motion. It is worth reiterating that these results were obtained from surround motions that were perceived simply as a very fast up-down jitter. When queried, observers admitted that it was impossible to discern what surround motion sequence occurred just before and during center motion presentation; this aspect of the stimulus was invisible to perceptual awareness. Nonetheless, analysis of the raw data revealed significant and replicable patterns of surround influence on the discriminability of the center motion. In principle, similar results could have been obtained by presenting a brief surround motion pulse, followed by a brief center motion, at a range of temporal offsets (cf. Watson and Nachmias, 1977) . The abrupt surround movement, however, might well engage transient, exogenous attention, which would affect the visibility of near-threshold center motion. Then any observed temporal interactions between the center and the surround motions would be confounded with the temporal effects of attention. On the other hand, the jittering surround stimulus we used was easily ignored (especially after a large number of practice trails), allowing our observers to easily focus attention to the center of the display.
Our results imply that neurons coding visual motion adequately represent rapidly changing motions that comprise surround stimuli used in the present study. Analyses of retinal responses to moving stimuli show that the direction of fast-moving stimuli can be encoded at a very fine time scale (Chichilnisky and Kalmar, 2003; Borghuis, 2003; Frechette et al., 2005) . Optimal encoding of a ϳ20°/s stimulus requires integration (i.e., low-pass filtering) of ganglion cell responses for ϳ10 ms, but sufficient information about motion direction is obtained even if the retinal responses are integrated for just over 1 ms. This suggests that cortical motion mechanisms might be able to represent motion direction of very brief motion impulses. Cortical directionselective neurons indeed respond very well to stimuli randomly changing direction at 60 Hz (Buracas et al., 1998) , 100 Hz (Bair at al., 2002; Bair and Movshon, 2004) , or 120 Hz Pergé et al., 2005) . In fact, MT neurons respond with less variability and transfer information with higher efficiency when the stimulus rapidly changes direction (Buracas et al., 1998) . In such cases, the spike timing precision to a repeated random sequence of directions can be as high as 2-3 ms. Thus, although there are no studies of motion neurons with the 200 Hz change rate used here, direction-selective neurons respond with high fidelity to this general type of stimulation.
The longer neural latency associated with weaker visual stimuli (Maunsell et al., 1999; Reich et al., 2001 ) may explain differences in the start and peak time of the temporal profile for different contrast surrounds (Fig. 3A, Table 1) . A "slow" low-contrast surround signal must be initiated well before the center signal to arrive in time to interact with the center signal. A "fast" highcontrast surround should be initiated only slightly before the center signal for the interaction to occur. Latencies of cortical neurons tend to increase by 30 -40 ms as contrast decreases (Reich et al., 2001) . Coincidentally or not, the peak of the surround temporal profile in our data shifted ϳ35 ms back in time as the surround contrast decreased. In addition to the peak shift, we also observed broadening of temporal influence functions for low-contrast surrounds. This result may be explained by increased variability in the latency of low-contrast stimuli (Maunsell et al., 1999) . Specifically, the increased range of surround latencies at low contrast extends the range of time points within which surround motion can occur and still interact with the center motion. In contrast, less variable latency of high-contrast stimuli restricts the range of relative temporal offsets for which the center and surround will interact.
We also found that the contrast of the center determines whether the spatial interactions in motion are suppressive or facilitatory ( Fig. 7 vs Fig. 3A ). This is an important observation that extends the initial psychophysical description of surround suppression (Tadin et al., 2003) . Tadin et al. (2003) did not vary the contrasts of the center and surround separately, precluding any conclusions about whether the center or the surround contrast determines the sign of their interaction. The present finding is consistent with modeling work in which the activity level of the classical receptive field (i.e., center) determines the nature of center-surround interactions. Specifically, surround suppression is hypothesized to occur at high levels of center activity, whereas surround facilitation should be more pronounced at low levels of center activity (Stemmler et al., 1995; Somers at al., 1998) . It should be noted, however, that models based on increased spatial summation at low contrast (cf. Sceniak et al., 1999) might also be consistent with the aforementioned results, although it is unclear how such models would respond to a low-contrast stimulus encircled by a high-contrast surround.
The center-driven transition from spatial suppression at high contrast to spatial summation at low contrast makes sense from a functional standpoint. At high contrast, sensitivity is not a primary concern, and it can be sacrificed in favor of processes that enhance spatial resolution and/or processes that extract useful information about differential motion defining object boundaries. On the other hand, sensitivity becomes increasingly more important as contrast decreases. Thus, it makes functional sense to integrate signals over space even if the cost is a loss in spatial resolution. For example, motion-based figure-ground segregation is impaired at medium and low contrasts, even in cases when motion sensitivity is relatively unaffected (Regan and Beverley, 1984; Regan, 1989; Takeuchi et al., 2004) . This result is consistent with a system that shifts emphasis from spatial differentiation to spatial summation as the contrast decreases. What our results suggest is that the nature of these spatial interactions over space depends on the center contrast and not the surround contrast. As an aside, our results were obtained under conditions in which attention was undoubtedly focused on the center motion; our observers discriminated the motion of a very brief target that occurred at a random time during the stimulus presentation. Whether attention plays an important role in this adaptive contrast-dependency of center-surround interactions thus remains an open question.
As a final note, an important motivator for using the reverse correlation in neurophysiology is its time-efficiency-reverse correlation can be computed for every spike. In contrast, the psychophysical reverse correlation described here is extremely time inefficient. Instead of using frequent spikes as the basis of the computation, we rely on infrequent observers' responses. Nevertheless, the potential benefits of this technique can be well worth the extra effort. The psychophysical temporal reverse correlation may be adapted to investigate other visual mechanisms in which different components of the response are likely to have different temporal profiles such as iso-orientation suppression (Bair et al., 2003) , figure-ground discrimination (Lamme, 1995) , and illusory contour processing (Ramsden et al., 2001) .
